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COPOLYMERS COMPRISING OLEFIN 
AND PROTECTED OR UNPROTECTED 
HYDROXYSTYRENE UNITS 



BACKGROUND OF THE INVENTION 

[0001] As is well known, polymers are molecules containing one or more chains, 
each containing multiple copies of one or more constitutional units. An example of a 
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common polymer is polystyrene NSf , where n is an integer, typically an 
integer of 10 or more, more typically on the order of 10's, 100's, 1000's or even more, in 

H 2 C=CH 

i' r 

which the constitutional units in the chain correspond to styrene monomers: ^cff 
(i.e., they originate from, or have the appearance of originating from, the polymerization 
of styrene monomers, in this case the addition polymerization of styrene monomers). 
[0002] Copolymers are polymers that contain at least two dissimilar constitutional 
units. Copolymers are an important class of polymers and have numerous commercial 
applications. For instance, their unique properties, whether in pure form, in blends, in 
melts, in solutions, etc., lead to their use in a wide range of products, for example, as 
compatibilizers, adhesives, dispersants, and so forth. Because each copolymer has its 
own unique properties, there is continuing demand for novel copolymers, which can be 
used in products such as those above. 

[0003] It is well known that living polymerization (i.e., polymerization proceeding in 
the practical absence of chain transfer to monomer and irreversible termination) is a very 
useful method for designing polymer structures. One of the most useful features of living 
polymerizations is the ability to prepare block copolymers. Living cationic sequential 
block copolymerization is generally recognized as one of the simplest and most 
convenient methods to provide well-defined block copolymers with high structural 
integrity. 
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[0004] Linear-, star-, and arborescent-block copolymers with a rubbery 
polyisobutylene (PIB) center block and glassy end blocks are useful thermoplastic 
elastomers, exhibiting excellent properties such as thermal and oxidative stability and 
biocompatibility. To date a large number of these block copolymers with polystyrene, 
poly(p-methylstyrene), poly(p-tert-butylstyrene), poly(p-chlorostyrene), poly(p- 
fiuorostyrene), poly(cc-methylstyrene) and polyindene as end blocks have been prepared. 
[0005] All of the above thermoplastic elastomers contain a hydrophobic end blocks. 
Some applications, however, require block copolymers where the end blocks are 
hydrophilic. The ability to tune the overall hydrophilicity of the block copolymer would 
provide a wide range of useful products. 

[0006] Although the living homopolymerization and copolymerization of p- 
hydroxystyrene and p-tert-butoxystyrene has been reported with BF 3 .OEt 2 coinitiator in 
the presence of a large amount of water in MeCN/CH 2 Cl 2 solvent at 0 °C, see Satoh, 
Kotaro; Kamigaito, Masami; and Sawamoto, Mitsuo, Department of Polymer Chemistry 
Graduate School of Engineering, Kyoto University, Kyoto, Japan, Macromolecules 
(2000), 33(16), 5830, this system is not applicable for the living polymerization of 
isobutylene. Cationic living polymerization of p-tert-butoxystyrene has also been 
reported in aqueous emulsion polymerization and by the HI/ZnI 2 initiating system in 
toluene or CH 2 C1 2 . Higashimura, T.; Kojima, K; Sawamoto, M., Makromolekulare 
Chemie, Supplement 1989, 15, 127. The HI/ZnI 2 initiating system, however, is inactive 
for the polymerization of isobutylene (IB). 

SUMMARY OF THE INVENTION 

[0007] According to an aspect of the present invention, a copolymer is provided, 
which comprises: (a) a plurality of constitutional units that correspond to one or more 
olefin monomer species and (b) a plurality of constitutional units that correspond to one 
or more protected or unprotected hydroxystyrene monomer species. 
[0008] In some embodiments, the copolymer is a block copolymer that comprises: 
(a) one or more olefin blocks that comprise a plurality of constitutional units 
corresponding to the one or more olefin monomer species and (b) one or more styrenic 
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blocks that comprise a plurality of constitutional units corresponding to the protected or 
unprotected hydroxystyrene monomer species. 

[0009] As used herein a polymer "block" is a grouping of 10 or more constitutional 
units, commonly 20 or more, 50 or more, 100 or more, 200 or more, 500 or more, or even 
1000 or more units. A block can be branched or unbranched. A "chain" is a linear 
(unbranched) grouping of 10 or more constitutional units (i.e., a linear block). 
In certain embodiments, the copolymer is a block copolymer of the formula X(POL-C- 
PST)„, where X corresponds to an initiator species, C corresponds to a capping species, 
POL is an olefin block that contains a plurality of constitutional units corresponding to 
the one or more olefin monomer species, PST is a styrenic block that contains a plurality 
of constitutional units corresponding to the one or more protected or unprotected 
hydroxystyrene monomer species, and n is a positive whole number ranging from 1 to 5. 
Other aspects of the present invention are directed to methods of making the above 
copolymers. These methods comprise: (a) providing a polymer that contains one or more 
carbocationically terminated olefin blocks; (b) contacting the polymer with a capping 
species that does not homopolymerize under the reaction conditions employed, thereby 
forming a polymer containing one or more carbocationically terminated end-caps; and (c) 
contacting the end-capped polymer with one or more protected hydroxystyrene monomer 
species under reaction conditions that are of lower Lewis acidity than the reaction 
conditions of step (b). 

[0010] In embodiments of the invention where one or more hydrolysable protected 
hydroxystyrene monomer species are incorporated into a copolymer, at least a portion of 
the incorporated monomer species may be hydrolyzed, thereby forming hydroxyl groups. 
[001 1] An advantage of the present invention is that novel copolymers can be 
produced, which can be used in a variety of commercial applications. 
[0012J Another advantage of the present invention is that novel copolymers can be 
produced, which are capable of being hydrolyzed, thereby forming further novel 
polymers of increased hydrophilicity. 

[0013] The above and other embodiments, aspects and examples of the present 
invention will become readily apparent to those of ordinary skill in the art in view of the 
disclosure herein. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] Fig 1. is a ] H NMR spectrum and corresponding structure of poly(4- 
hydroxystyrene)-6-PIB-6-poly(4-hydroxystyrene). 

DETAILED DESCRIPTION OF THE INVENTION 

[0015] In some aspects of the present invention, copolymers are provided, which 
comprise (a) a plurality of constitutional units that correspond to one or more olefin 
monomer species and (b) a plurality of constitutional units that correspond to one or more 
protected or unprotected hydroxystyrene monomer species. Typically, each of these 
constitutional units occurs within the copolymer molecule at a frequency of at least 10 
times, and more typically at least 50, 100, 500, 1000 or more times. 
[0016] Examples of olefin monomer species for use in connection with the present 
invention include isomonoolefms with 4 to 18 carbon atoms per molecule and 
multiolefins with 4 to 14 carbon atoms per molecule, for instance, isobutylene, 2- 
methylbutene, isoprene, 3-methyl-l-butene, 4-methyl-l-pentene, beta-pinene, and the 
like. 

[0017] Examples of hydroxystyrene monomer species include 2-hydroxystyrene, 3- 
hydroxystyrene, 4-hydroxystyrene, 2,3-dihydroxystryene, 2,4-dihydroxystryene, and 3,4- 
dihydroxystryene species. 

[0018] Examples of protected hydroxystyrene monomer species include styrene 
species substituted with one or more functional groups that are stable under cationic 
polymerization conditions, but which are hydrolysable into hydroxyl groups, for example, 
under the influence of acids or bases. Protected hydroxystyrene monomer species in 
accordance with the present invention are generally substituted with either (a) one or 
more R-O- groups, wherein R is a hydrocarbon group, typically containing from 1 to 12 
carbons, including branched alkyl groups, cycloalkyl groups and alkylaryl groups or (b) 
I 

o 
I 
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| 

one or more R 2 groups, where Ri , R 2 , R 3 can be the same or different and are 
hydrocarbon groups, typically containing from 1 to 4 carbons, including unbranched alkyl 
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groups, branched alkyl groups, cycloalkyl groups, and alkylaryl groups. Specific 
examples of protected hydroxystyrene monomers include terf-butyl protected 
hydroxystyrene (ter/-butoxystyrene), benzyl protected hydroxystyrene 
(benzyloxystyrene), cyclohexyl protected hydroxystyrene (cyclohexoxystyrene), 
neopentyl protected hydroxystyrene (neopentoxystyrene), acetyl protected 
hydroxystyrene (acetoxystyrene), tert-butyldimethylsilyl protected hydroxystyrene (tert- 
butyldimethylsilyloxystyrene) and so forth. The protected hydroxyl groups in the styrene 
monomer species of the present invention can be substituted at the 2-, 3- or 4- positions, 
at the 2,3-, 2,4- and 3,4- positions, and so forth. Commonly, the protected hydroxyl 
groups in the styrene monomer species of the present invention are substituted at the 4- 
position. 

[0019] The copolymers of the present invention embrace a variety of configurations, 
for example, cyclic, linear and branched configurations. Branched configurations include 
star-shaped configurations (e.g., radial configurations in which three or more chains 
emanate from a single region), comb configurations (e.g., graft copolymers having a main 
chain and a plurality of side chains), and dendritic configurations (e.g., arborescent or 
hyperbranched copolymers). The copolymers of the present invention embrace (a) one or 
more chains containing repeating constitutional units of a single type, (b) one or more 
chains containing randomly distributed constitutional units of two or more types (e.g., 
random or statistical copolymers), (c) one or more chains containing two or more types of 
constitutional units that repeat within an ongoing series (e.g., alternating copolymers), 
and so forth. 

[0020] For example, in certain beneficial embodiments, the copolymers of the 
present invention are block copolymers containing (a) one or more olefin blocks, each of 
which contains a plurality of units corresponding to olefin monomer species, and (b) one 
or more styrenic blocks, each of which contains a plurality of units that correspond to 
protected or unprotected hydroxystyrene monomer species. Examples of olefin monomer 
species and protected and unprotected hydroxystyrene monomer species are discussed 
above. 

[0021] The number average molecular weight (Mn) of the block copolymers of the 
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present invention typically range, for example, from about 1000 to about 2,000,000, more 
typically from about 10,000 to about 500,000, even more typically 50,000 to 200,000, 
with the protected or unprotected hydroxystyrene units typically comprising 10 to 90 
mol%, more typically 10 to 50 mol%, even more typically .13 to 28 mol% of the 
copolymer. In some embodiments, polymers have a narrow molecular weight distribution 
such that the ratio of weight average molecular weight to number average molecular 
weight (Mw/Mn) (i.e., the polydispersity index) of the polymers ranges from about 1.1 to 
1.5, or even from about 1.05 to 1.3. 

[0022] In some embodiments of the present invention, block copolymers are formed 
by the sequential monomer addition technique using an olefin monomer species and a 
protected hydroxystyrene monomer species, such as those discussed above. 
[0023] Synthesis of block copolymers via sequential monomer addition typically 
relies, for example, on the rational selection of polymerization conditions such as Lewis 
acid, solvent, additives, temperature, and so forth, as well as on the selection of the 
appropriate order of monomer addition. For a successful living cationic sequential block 
copolymerization the rate of crossover to a second monomer (R CT ) should be faster than or 
at least equal to that of the homopolymerization of a second monomer (R p ). Generally, 
efficient crossover is achieved when the two sequential monomers have similar 
reactivities, or when crossover occurs from the more reactive to the less reactive 
monomer. On the other hand, when crossover is from the less reactive monomer to the 
more reactive one, a mixture of block copolymer and homopolymer is generally formed 
due to the unfavorable R CT /R P ratio. 

[0024] Because the cationic reactivity of certain protected hydroxylstyrenes, for 
example, p-tert-butoxystyrene and p-tert-butyldimethylsilyloxystyrene, is expected to be 
much higher than that of olefins such as isobutylene, simple sequential monomer addition 
generally cannot used for the preparation of the block copolymers of the present 
invention. Accordingly, copolymers in accordance with the present invention are made in 
certain embodiments by a process that includes: (a) providing a polymer that contains 
one or more carbocationically terminated olefin blocks, which blocks contain a plurality 
of units that correspond to olefin monomer species; (b) contacting the carbocationically 
terminated polymer with a capping species that does not homopolymerize under the 
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reaction conditions employed, thereby forming an end-capped carbocationically 
terminated polymer; and (c) contacting the end-capped carbocationically terminated 
polymer with a protected hydroxystyrene monomer species under reaction conditions that 
are of lower Lewis acidity than the reaction conditions of step (b). For example, as 
discussed further below, step (b) can be conducted using TiCL* as a Lewis acid, while the 
Lewis acidity in step (c) can' be lowered by the addition of a titanium tetraalkoxide. 
[0025] Typically, the carbocationically terminated olefin blocks are formed at low 
temperature from a reaction mixture that comprises: (a) an initiator, (b) a Lewis acid 
coinitiator, (c) an olefin monomer, (c) an optional proton scavenger and (d) an optional 
solvent system. 

[0026] Polymerization can be conducted, for example, within a temperature range of 
from about 0°C to about -100°C, more typically from about -50°C to -90°C. 
Polymerization times are typically those times that are sufficient to reach 90%, 95%, 99% 
or even higher conversions of the olefin monomer species to polymer. 
[0027] Suitable initiators include organic ethers, organic esters, and organic halides. 
Initiators may be monofunctional, difunctional, trifunctional and so forth, thereby 
producing, for example, diblock copolymers, triblock copolymers, and radial-shaped 
block copolymers, respectively. Specific examples include alkyl cumyl ethers, cumyl 
halides, alkyl cumyl esters, cumyl hydroxyl compounds and hindered versions of the 
same, for instance, 2-chloro-2,4,4-trimethylpentane, cumyl chloride, dicumyl chloride, 5- 
tert-butyl,l,3-dicumyl chloride (i.e., 5-rer/-butyl-l,3-6w(l-chloro-l- 
methylethyl)benzene), and tricumyl chloride (i.e., l,3,5-fra(l-chloro-l- 
methylethyl)benzene). 

[0028] Examples of suitable Lewis acid coinitiators include metal halides and alkyl 
metal halides such as boron trichloride, titanium tetrachloride and alkyl aluminum halides 
(e.g., chlorodiethyl aluminum, dichloroethyl aluminum, chlorodimethyl aluminum, 
dichloromethyl aluminum). One commonly used coinitiator is titanium tetrachloride. 
The coinitiator is usually used in concentrations equal to or greater than that of initiator, 
e.g., 1 to 100 times higher, preferably 2 to 40 times higher than that of initiator. 
[0029] A proton scavenger, typically a Lewis base, is frequently provided to ensure 
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the virtual absence of protic impurities, such as water, which can lead to polymeric 
contaminants in the final product. Examples of proton scavengers (also referred to as 
proton traps) include sterically hindered pyridines, for example, substituted or 
unsubstituted 2,6-di-tert-butylpyridines, such as 2,6-di-tert-butylpyridine and 4-methyl- 
2,6-di-tert-butylpyridine, as well as 2,6-dimethylpyridine, l,8-bis(dimethylamino)- 
naphthalene and diisopropylethyl amine. The proton trap is usually used at the 
concentration of 1 to 10 times higher than that of protic impurities in the polymerization 
system. 

[0030] The various reactions of the present invention are typically carried out in the 
presence of a solvent system comprising a diluent or mixture of diluents. For the cationic 
polymerization and end-capping reactions, typical diluents include (a) halogenated 
hydrocarbons which contain from 1 to 4 carbon atoms per molecule, such as methyl 
chloride and methylene dichloride, (b) aliphatic hydrocarbons and cycloaliphatic 
hydrocarbons which contain from 5 to 8 carbon atoms per molecule, such pentane, 
hexane, heptane, cyclohexane and methyl cyclohexane, or (c) mixtures thereof. For 
example, in some embodiments, the solvent system contains a mixture of a polar solvent, 
such as methyl chloride, methylene chloride and the like, and a nonpolar solvent, such as 
hexane, cyclohexane or methylcyclohexane and the like. 

[0031] Regardless of the synthesis technique, once a desired living carbocationically 
terminated polymer is obtained, a capping species that does not homopolymerize under 
the reaction conditions employed (e.g., the reaction conditions utilized in forming the 
carbocationically terminated polymer) is contacted with the carbocationically terminated 
polymer, thereby forming an end-capped carbocationically terminated polymer. 
Examples of capping species for this purpose include diaryl alkenes such as substituted or 
unsubstituted diphenyl ethylenes, for instance, diphenyl ethylene or ditolyl ethylene. It is 
believed that these compounds do not polymerize due to steric hindrance; however, they 
do form stable carbocations with the carbocationically terminated polyolefin. In general, 
the diaryl alkylene species is added to the polymerization media in concentrations equal 
up to about 10 times the concentration of the living chain ends, preferably about 1 to 
about 5 times the concentration of the living chain ends, even more preferably about 2 
times the concentration of the living chain ends. The diaryl alkylene species is allowed to 
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react with the living polymer for a time sufficient to result in practically complete 
capping. 

[0032] The resulting end-capped carbocationically terminated polymer is then 
contacted with at least one protected hydroxystyrene monomer species, under conditions 
of suitable Lewis acidity, to produce block copolymers in accordance with the present 
invention. Polymerization times are those sufficient to reach the desired conversion of 
the protected hydroxystyrene monomer species to polymer, which is typically 80%, 90%, 
95%, 99% or more. 

[0033] As indicated above, when polymerizing the protected hydroxystyrene 
monomer species, the Lewis acidity is typically reduced relative to the reaction conditions 
that existed earlier (e.g., the conditions associated with the olefin polymerization and/or 
end-capping processes). One suitable method for reducing Lewis acidity is to add a metal 
alkoxide species, for example, a titanium alkoxide species or similar organotitanium 
species to TiCL*. Typical titanium alkoxide species include Ti(OR) 4 , wherein R is a 
branched or unbranched alkyl group containing 1 to 4 carbon atoms, for example, 
Ti[OCH(CH 3 ) 2 ] 4 or Ti[0(CH 2 ) 3 CH 3 ]. The amount added generally depends on the 
reactivity of the protected hydroxystyrene monomer species. By tuning the Lewis acidity, 
e.g., by adding Ti(OR) 4 to reach a desired TiCl4/Ti(OR) 4 ratio, side reactions are 
minimized, and polymerization is better controlled, leading to high blocking efficiency. 
Another suitable technique for reducing Lewis acidity is to replace the existing Lewis 
acid with a weaker Lewis acid. For example, TiCU can be replaced with a weaker Lewis 
acid such as SnCl 4 . Further information regarding the preparation of block copolymers 
from monomer species that have significantly different reactivities, can be found, for 
example, in U.S. Patent No. 5,428,1 1 1, U.S. Patent No. 5,637,647, and U.S. Patent No. 
5,677,386. 

[0034] In accordance with another aspect of the invention, at least a portion of the 
pendant protected hydroxyl groups within the copolymers of the present invention are 
hydrolyzed, for example, with a strong acid or base, to form pendant hydroxyl groups. 
Hydrolysis conditions and reaction times are typically sufficient to achieve 90%, 95%, 
99% or even higher conversions of the pendant hydrolysable ether groups to alcohol 
groups. 
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[0035] A variety of block copolymers can be formed using the above techniques. 
For example, block copolymers of the formula X(POL-C-PST) n are formed in various 
embodiments, where X corresponds to the initiator species, C corresponds to the capping 
species, POL is an olefin block, PST is a styrenic block, and n is a positive whole 
number. Linear block copolymers are formed where n=l or n=2. Where n=2, the 
copolymers are sometimes referred to as triblock copolymers. This terminology 
disregards the presence of the initiator, for example, treating POL-X-POL as a single 
olefin block, with the triblock therefore denoted as PST-POL-PST. Star shaped 
copolymers are formed where n=3 or more. The value of n is typically dictated by the 
functionality of the initiator molecule, with monofunctional initiators corresponding to 
n=l, difunctional initiators corresponding to n=2, and so forth. As noted above, the 
olefin block(s) will contain a plurality of constitutional units that correspond to one or 
more olefin species, while the styrenic block(s) will contain a plurality of constitutional 
units that correspond to one or more protected or unprotected hydroxystyrene monomer 
species. 

[0036] The invention is further described with reference to the following non- 
limiting Examples. 

EXAMPLES 

[0037] Characterizations. Molecular weights are measured with a Waters HPLC 
system equipped with a model 510 HPLC pump, model 410 differential refractometer, 
model 441 absorbance detector, on-line multiangle laser light scattering (MALLS) 
detector (MiniDawn, Wyatt Technology Inc.), Model 712 sample processor, and five 
Ultrastyragel GPC columns connected in the following series: 500, 10 3 , 10 4 , 10 5 , and 
100 A. Tetrahydrofuran (THF) is used as a carrier solvent with a flow rate of ImL/min. 
The composition of the block copolymers are measured by ! H NMR spectroscopy using a 
Bruker 250 MHz instrument. The dn/dc values for homopolymers and block copolymers 
are measured on an OPTILAB DSP Interferometric Refractometer, using P10 flow cell (1 
mm path length). 

[0038] Materials. Methyl chloride (CH 3 C1) and isobutylene (Matheson) are passed 
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through in-line gas purifier columns packed with BaO/Drierite and condensed at -80 °C 
prior to polymerization. Methylcyclohexane (MeChx) (Aldrich, anhydrous grade), 
titanium(IV) isopropoxide (Aldrich, 99.999 %), titanium (IV) chloride (Aldrich, 99.9%), 
tetrabutylammonium fluoride (Aldrich, 1.0 M solution in tetrahydrofuran), 2,6-Di-tert- 
butylpyridine (Aldrich 97%), hydrochloric acid solution (36.5-38.0%, VWR), pyridine 
(Aldrich, anhydrous grade) and 4-dimethylaminopyridine (Aldrich, 99%) are used as 
received. 4-(te^butyldimethylsilyloxy)styrene (TBDMSt) is prepared from 4- 
acetoxystyrene according to the literature. Hirai, A.; Yamaguchi, K.; Takenaka, K.; 
Suzuki, K.; Nakahama, S. Makromol. Chem., Rapid Commun. 1982, 3, 941. It is freshly 
distilled from CaH 2 in vacuum before the polymerization using phenothiazine (1-2 mg) 
inhibitor. 4-tert-butoxystyrene (Aldrich, 99%) is distilled in vacuum (p<l mmHg, b.p. 
66-68°C over CaH 2 ). 2-Chloro-2,4,4-trimethylpentane is prepared by hydrochlorination 
of 2,4,4-trimethyl-l-pentene (Aldrich, 99%) with hydrogen chloride gas in dry 
dichloromethane at 0 °C. Kaszas, G.; Gyor, M.; Kennedy, J. P.; Tudos, F. </. 
Macromol.ScL, Chem 1983, ^75,1367-1382. The product is dried over CaCl 2 and 
distilled under reduced pressure before use. 5-/er/-butyl-l,3-6zXl" c hloro-l- 
methylethyl)benzene is synthesized following the procedure reported in Gyor, M. Wang., 
H. C; Faust, R. J. J. MacromoLScL, PureAppl Chem 1992, A29 y 639. 4,4'-dimethyl-l,l- 
diphenylethylene (ditolyl ethylene or DTE) is synthesized according to the literature. 
Hadjikyriacou, S.; Faust, R., Macromolecules 1996, 29, 5261. Acetic anhydride is left 
above P 2 0 5 overnight, poured off and left above K 2 C0 3 overnight again, and then it is 
distilled at atmospheric pressure. The fraction with boiling point between 137-138°C is 
collected. Methanol (technical grade) is distilled from sodium methoxide. 
Tetrahydrofuran (THF) is refluxed for one day above LiAlH 4 and distilled before use, or 
used as received. 

[0039] Conditions. All experiments are carried out in 75 mL culture tubes under a 
dry nitrogen atmosphere in an Mbraun 150-M glove box (Innovative Technology Inc., 
Newburyport, Massachusetts). Reactions are conducted in a methylcyclohexane 
(MeChx)/methyl chloride (MeCl), 60/40 v/v, solvent mixture, at -80 °C. 
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Examplel. Polymerization of 4-(^rT-butyIdimethylsilyloxy)styrene with different 
[TiCU]/[Ti(OiPr) 4 ] ratios 

[0040] 2-chloro-2,4,4-trimethylpentane (TMPC1) is chosen as a model compound, 
which mimics the end group structure of tert-chloro-ended PIB. The concentrations are 
as follows: [4-(^r/-butyldimethylsilyloxy)styrene] = 0.35 M, [TMPC1] = 0.002 M, [2,6- 
di-tert-butylpyridine, DTBP] = 0.006 M, [1,1-ditolylethylene, DTE] - 0.004 M. The 
reagents are added in the following order: MeChx, MeCl, TMPC1 (0.5 mL, 0.05 M stock 
solution in MeChx), DTBP (0.5 mL, 0.15 M stock solution in MeChx), DTE (1.0 mL, 
0.05 M stock solution in MeChx/MeCl, 60/40 v/v) and T1CI4 (1.0 mL, 0.454 M stock 
solution in MeChx/MeCl = 60/40). After 1 hour reaction time Ti(OiPr) 4 stock solution 
(0.125 M in MeChx/MeCl, 60/40 v/v) is added and the solution stirred thoroughly. After 
-10 minutes 3.0 mL 4-(te^butyldimethylsilyloxy)styrene monomer stock solution (1.025 
g monomer in MeChx/MeCl 60/40 v/v) is added under vigorous stirring. The total 
volume of the reaction mixture is 12.5 mL. The polymerization is carried out for 1 hour, 
then it is terminated by prechilled methanol and the reaction mixture is poured into 100 
mL methanol. The polymer is purified by re-precipitation from THF into methanol. As 
Table 1 indicates, -100 % initiator efficiency could be reached with TiCl4/Ti(OiPr) 4 = 
0.036/0.028 ratio. 
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Table 1. 
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Example 2. Living Character of the Cationic Polymerization of 4-(tert- 
butyldimethylsilyloxy)styrene 

[0041] Because the polymerization of 4-(tert-butyldimethylsilyloxy)styrene is too 
fast (e.g., complete within 2 minutes) the change in conversion during the polymerization 
cannot be followed with gravimetric methods. Therefore the All Monomer In technique 
was chosen to investigate the livingness of the system. The concentrations in this 
Example are the following: [TMPC1] = 0.002 M, [DTE] = 0.004 M, [TiCU] = 0.036 M, 
[Ti(OiPr) 4 ] = 0.028 M. The reagents are added in the following order: MeChx (2.7 mL at 
room temperature), MeCl (3.0 mL), TMPC1 (1. 0 mL, 0.05 M in MeChx), DTBP (1.0 mL, 
0.15 M in MeChx), DTE (2.0 mL, 0.05 M in MeChx/MeCl, 60/40 v/v) and TiCl 4 (2.0 mL, 
0.454 M in MeChx/MeCl, 60/40 v/v). After 1 hour reaction time the Ti(OiPr) 4 stock 
solution (5.6 mL, 0.125 M in MeChx/MeCl = 60/40 v/v) is added. Under vigorous 
stirring, 8.0 mL 4-(^r/-butyldimethylsilyloxy)styrene monomer solution in MeChx/MeCl 
60/40, v/v is poured into the solution. After 30 minutes the reaction is terminated by 
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prechilled methanol, and 25 mL of the resulting mixture is poured into 100 mL methanol. 
The polymer is purified by re-precipitation from THF into methanol. Table 2 shows that 
polymers with desired molecular weight can be prepared by varying the 
monomer/initiator ratio. 



Table 2. 



[Monomer] 


Conversion 
(%) 


M„ 


M w /M n 


leff 

(%) 


0.2625 


100 


34,500 


1.37 


86 


0.35 


100 


42,800 


1.39 


92 


0.525 


100 


59,000 


1.32 


100 


0.700 


100 


76,500 


1.26 


102.7 



Example 3. Living Character of the Cationic Polymerization of 4-(tert butyl- 
dimethylsilyloxy)styrene using DPE Capping Agent 

[0042] The living character of the 4-(tert-butyldimethylsilyloxy)styrene 

polymerization is also confirmed with 1,1-diphenylethylene (DPE) capping agent. The 
experiment is carried out the same way as in Example 2 with the exception that 0.01 M 
DPE is used instead of DTE. The results are summarized in Table 3. 

Table 3. 



[Monomer] 


Conversion 
(%) 


M n 


M w /M„ 


leff 
(%) 


0.0875 


100 


15,000 


1.64 


70.6 


0.175 


100 


24,200 


1.56 


86.4 


0.2625 


100 


33,700 


1.73 


94.6 


0.35 


99.2 


42,900 


1.39 


94.8 
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Example 4. Synthesis of PIB-6-poly(4-te/*-butyldimethylsilyloxystyrene) Diblock 
Copolymer 

[0043] For the polymerization of IB, the concentrations are the following: [TMPC1] 
= 0.00438 M, [DTBP] = 0.01315 M, [IB] = 2.342 M, [TiCl 4 ] = 0.0789 M. The order of 
the addition was: MeChx (1.5 mL), MeCl (2.3 mL), TMPC1 (0.5 mL, 0.05 M in MeChx), 
DTBP (0.5 mL, 0.15 M in MeChx), IB (1.04 mL) and TiCL»(1.0 mL, 0.454 M in 
MeChx/MeCl, 60/40, v/v). IB is polymerized for 90 minutes and then DTE stock solution 
(1 .0 mL, 0.05 M in MeChx/MeCl, 60/40, v/v) is added and the mixture left for 60 
minutes. After the capping reaction, Ti(OiPr) 4 solution (2.8 mL, 0.125 M in 
MeChx/MeCl, 60/40, v/v) is added and stirred thoroughly. A solution of 1.464 g 4-(tert- 
butyldimethylsilyloxy)styrene in MeChx/MeCl 60/40 v/v solvent mixture (3 mL total 
volume) is poured into the polymerization mixture under vigorous stirring. After 30 
minutes the polymerization is quenched by prechilled methanol, and the polymer is 
precipitated into -200 mL methanol. The material is left overnight, the solvent is 
decanted and the polymer dried in vacuum. Table 4 shows the characteristics of the 
obtained polymer. 



Table 4. 



Designed M n 


PIB (GPC) 


Diblock (GPC) 


PTBDMSt 


PIB 


PTBDMSt 


M„ 


PDI 




PDI 


Conv. 
(%) 


Mol % 


30,000 


58,500 


33,700 


1.16 


70,800 


1.26 


87.7 


29.12 



[0044] Note that the GPC trace of the block copolymer smoothly shifted to lower 
elution volume (higher molecular weights) confirming the formation of block copolymer. 



Example 5. Synthesis of Poly(4-terf-butyIdimethylsilyloxystyrene)- b -PIB- b -Poly(4- 

ferf-butyldimethylsilyloxystyrene) Triblock Copolymer 

[0045] For the synthesis of poly(4-te^butyldimethylsilyloxystyrene)-6-PIB-&- 

poly(4-ter^butyldimethylsilyloxystyrene) triblock copolymers, 5-tert-butyl-l,3- 

dicumylchloride (t-BudiCumCl ) is used as initiator. In the case of sample A and B 

(Table 5) IB is polymerized using the following concentrations: [t-BudiCumCl] = 0.001 
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M, [IB] = 1.60 M, [DTBP] = 0.006 M, [TiCl 4 ] = 0.036 mol/L. In the case of sample C the 
concentration of t-BudiCumCl is 0.002 M, and the other concentrations remained the 
same. The order of the addition was: MeChx (9.7 mL, 8.7 mL in sample C), MeCl (9.2 
mL), t-BudiCumCl (1.0 mL, 0.025 M in MeChx, 2.0 mL in case of sample C), DTBP (1.0 
mL, 0.15 M in MeChx), IB (3.12 mL) and TiCL(2.0 mL, 0.454 M in MeChx/MeCl, 
60/40 v/v). IB is polymerized for 90 minutes and then DTE stock solution (1.0 mL, 0.1 M 
in MeChx/MeCl, 60/40 v/v, 2.0 mL in case of sample C) is added and the mixture left for 
60 minutes. After the capping reaction Ti(OiPr) 4 solution (2.8 mL, 0.25 M in 
MeChx/MeCl, 60/40, v/v) is added and stirred thoroughly. 2.928 g (sample A) and 1.464 
g (samples B and C) 4-(tert-butyldimethylsilyloxy)styrene monomer are measured out 
and made up to 7 mL solution in MeChx/MeCl 60/40 v/v solvent mixture and poured into 
the polymerization mixture under vigorous stirring. The monomer is polymerized for 30 
minutes. The polymerization is terminated by prechilled methanol, and the polymer is 
precipitated into large excess methanol (-200 mL). The precipitation is repeated from 
THF into methanol. The mixture is left overnight, the solvent is decanted and the polymer 
is dried in vacuum. Table 5 shows the characteristics of the triblock copolymers. 



Table 5. 



Sample 


Designed M„ 


PIB (GPC) 


Triblock (GPC) 


PTBDMSt* 


PIB 


PTBDMSt 


M n 


PDI 


M n 


PDI 


Conv. 
(%) 


mol % 


A 


90,000 


117,100 


89,500 


1.07 


176,300 


1.10 


92.7 


23.0 


B 


90,000 


58,500 


88,400 


1.08 


132,100 


1.10 


89.5 


13.1 


C 


45,000 


29,300 


48,300 


1.08 


74,200 


1.09 


90.3 


13.3 



*PTBDMSt - poly(4-tert-butyldimethylsilyloxystyrene) 



Example 6. Hydrolysis of Poly(4-terf-butyIdimethylsilyloxystyrene)- b -PIB- b - 
PoIy(4-te#*-butyldimethylsilyloxystyrene) Triblock Copolymer 
[0046] 2.5 g triblock (M n = 146,000, 87.0 mol % PIB) is dissolved in 250 mL THF 
(anhydrous) at room temperature. 10 mL tetrabutylammonium fluoride (1.0 M in THF) is 
added and the solution is refluxed overnight under stirring. The solution is slightly hazy. 
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After 14 hours, the solution is cooled down and precipitated into 1 L water. The 
precipitation is repeated from THF into 1 L water. The polymer is filtered off, dried in 
vacuum and extracted with pentane in a Soxhlet Extractor. After the extraction, the 
polymer is dried again in vacuum. Yield: 1.547 g (75.8 %). The *H NMR spectrum 
shows complete removal of protecting group. See Fig. 1. 

Example 7. Cationic Polymerization of 4-tert-Butoxystyrene with Different 
TiCl4/Ti(OiPr) 4 Ratios 

[0047] The reagents are added in the following order: MeChx, MeCl, TMPC1 (1.0 
mL, 0.05 M in MeChx), DTBP (1.0 mL, 0.15 M in MeChx), DTE (2.0 mL, 0.05 M in 
MeChx/MeCl, 60/40, v/v) and TiCl 4 (2.0 mL, 0.454 M in MeChx/MeCl, 60/40, v/v). 
After 1 hour reaction time the Ti(OiPr) 4 stock solution (2.4-3.6 mL, 0.25 M in 
MeChx/MeCl, 60/40, v/v) is added. Under vigorous stirring 5.0 mL (1.74 mol/L) 4-tert- 
butoxystryene monomer stock solution in MeChx/MeCl, 60/40, v/v is added. The volume 
of MeChx and MeCl is calculated so that the whole volume of the reaction mixture is 25 
mL. After 30 minutes the reaction is terminated by prechilled methanol and the solution is 
poured into 100 mL methanol. The precipitation is repeated once again from THF into 
methanol. Table 6 shows that the optimum [TiCl 4 ]/[Ti(OiPr) 4 ] ratio is about 0.036/0.030. 
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Table 6. 



[TiCLt] 


[TiCO'PrM 


Yield (%) 


M n 


PDI 


Ieff(%) 


0.036 


0.028 


93.0 


47,400 


1.82 


62.0 


0.036 


0.029 


95.1 


38,900 


1.54 


77.0 


0.036 


0.030 


95.0 


33,100 


1.33 


90.7 


0.036 


0.031 


94.7 


35,000 


1.32 


85.7 


0.036 


0.032 


94.8 


33,850 


1.25 


88.6 


0.036 


0.033 


59.6 


25,600 


1.28 


73.4 


0.036 


0.034 


31.3 


22,100 


1.24 


44.8 


0.036 


0.035 


31.3 


18,400 


. 1.27 


53.8 


0.036 


0.036 


25.5 


18,000 


1.25 


44.4 



Example 8. Effect of the TiCl 4 /Ti(O i Pr) 4 Ratio on PIB-6-poly(4-tei*-butoxystyrene) 
Diblock Synthesis. 

[0048] First a P1B segment with a molecular weight of 30,000 is prepared. The 
reagents are applied in the following order: MeChx, MeCl, TMPC1 (1. 0 mL, 0.05 M in 
MeChx), DTBP (1.0 mL, 0.15 M in MeChx), IB (2.1 mL) and TiCl 4 (2.0 mL, 0.454 M in 
MeChx/MeCl, 60/40 v/v). IB is polymerized for 90 minutes. Then DTE stock solution is 
added (1.0 mL, 0.1 M in MeChx/MeCl, 60/40 v/v), and the mixture is left for 60 minutes. 
After the capping reaction, Ti(OiPr) 4 solution (0.125 M in MeChx/MeCl, 60/40, v/v) is 
added and stirred thoroughly. Then 5 mL 4-tert-butoxystyrene stock solution in 
MeChx/MeCl, 60/40, v/v solvent mixture (containing 1.578 g 4-tert-butoxystyrene) is 
poured into the polymerization mixture under vigorous stirring. The polymerization is 
quenched by prechilled methanol after 90 minutes, and the polymer is precipitated into 
-200 mL methanol. The polymer is purified by repeated precipitation from THF into 
methanol. The characteristics of the polymers are shown in Table 7. 
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Table 7. 


[TiCU] 


[Ti(OiPr) 4 ] 


TBDMSt 


M„ 


M w /M„ 


0.036 


0.022 


91.0 




bimodal 


0.036 


0.025 


93.3 




bimodal 


0.036 


0.028 


88.3 


62,000 


1.54 


0.036 


0.030 


85.7 


58,900 


1.17 


0.036 


0.032 


38.9 


42,700 


1.16 


0.036 


0.034 


22.4 


36,400 


1.14 



Example 9. Synthesis of Poly(4-terr-butoxystyrene)- b -PIB- b -poly(4-terf- 
butoxystyrene) Triblocks 

[0049] For the Synthesis of poly(4-tert-butoxystyrene)- b -PIB- b -poly(4-terf- 
butoxystyrene) triblock copolymers, t-BudiCumCl is used as initiator. In the case of 
samples A and B (Table 8) the isobutylene is polymerized under the following 
concentrations: [t-BudiCumCl] = 0.001 M, [IB] = 1.60 M, [DTBP] = 0.006 M, [TiCl 4 ] = 
0.036 mol/L. In the case of sample C, [tBudiCumCl] = 0.002 M, while the other 
concentrations are the same. The order of the addition is: MeChx (9.7 mL, 8.7 mL in the 
case of C), MeCl (9.2 mL), t-BudiCumCl (1.0 mL, 0.025 M in MeChx, 2.0 mL in the case 
of C), DTBP (1.0 mL, 0.15 M in MeChx), B (3.12 mL) and TiCU (2.0 mL, 0.454 M in 
MeChx/MeCl, 60/40, v/v). IB is polymerized for 90 minutes and then DTE stock 
solution (1.0 mL, 0.1 M in MeChx/MeCl, 60/40 v/v, 2.0 mL in the case of C) is added 
and the mixture is left for 60 minutes. After the capping reaction, Ti(OiPr) 4 solution (2.8 
mL, 0.25 M in MeChx/MeCl, 60/40, v/v) is added and stirred thoroughly. 1.5 g (2.5 g in 
the case of A) 4-tert-butoxystyrene is dissolved in MeChx/MeCl, 60/40 v/v, solvent 
mixture (total volume 5 mL) and poured into the polymerization mixture under vigorous 
stirring. Afterl hour polymerization, prechilled methanol is added to quench the reaction, 
and the polymer is precipitated into -200 mL methanol. The polymer is purified by re- 
precipitation from THF into methanol. Table 5 shows the characteristics of different 
molecular weight triblock copolymers. 
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Table 8. 



Sample 


Designed M„ 


PIB (GPC) 


Triblock 
(GPC) 


PTBST 


PIB 


PTBST 


M n 


PDI 


M n 


PDI 


Conv. (%) 


mol % 


A 


90,000 


100,000 


91,100 


1.07 


173,700 


1.10 


91.2 


25.9 


B 


90,000 


60,000 


93,000 


1.07 


147,200 


1.10 


88.5 


17.71 


C 


45,000 


30,000 


49,400 


1.08 


79,400 


1.10 


89.5 


17.6 



*PTBST stands for poly(4-tert-butoxystyrene) 



Example 10. Hydrolysis of poly(4-ferf-butoxystyrene)- b -PIB- b -poly(4-tert- 
butoxystyrene) triblock. 

[0050] 834 mg triblock (sample A in Table 8) is dissolved in 50 mL THF and then 2 
mL HC1 acid (37.0%) is added. The solution is refluxed for 3 hours and then cooled down 
and precipitated into 400 mL water which contains 1 mL ammonia solution (30%). The 
resulting polymer is filtered off, washed with water, and dried in vacuum. Yield: 584.6 
mg (83%). 'H NMR spectroscopy showed complete hydrolysis (absence of a tert-butyl 
group). 

Example 11. Acerylation of Poly(4-hydroxystyrene-b-IB-b-4-hydroxystyrene) 
Triblock 

[0051] 1 g copolymer from Example 6 is dissolved in 1 5 mL anhydrous THF. Then, 
1.42 mL (15 mmol) distilled acetic anhydride, 1.21 mL (15 mmol) pyridine and 122 mg 
(1 mmol) 4-dimethylaminopyridine are added. The resulting homogenous solution is left 
for one day at room temperature. The polymer solution is poured into water (200 mL) 
and the precipitated polymer is washed thoroughly with water, filtered and dried in 
vacuum. J H NMR spectroscopy showed complete esterification. Yield: 0.995 g (91.3 %). 

[0052] Although various embodiments are specifically illustrated and described 
herein, it will be appreciated that modifications and variations of the present invention are 
covered by the above teachings and are within the purview of the appended claims 
without departing from the spirit and intended scope of the invention. 
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